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The  potential  of  crystal  fibers  for  the  generation  of  short 
wavelength  visible  laser  radiation  was  explored  under  this  program. 
There  were  two  major  thrusts  to  this  work.  One  of  them  was  the 
search  for  a  suitable  technique  to  produce  low  loss  crystal  fibers. 
Implantation  cladding  of  bare  crystal  fibers  with  high  energy  ion 
beams  was  investigated  for  this  purpose.  The  other  was  the 
identification  of  a  suitable  upconversion  process  which  would  be 
amenable  for  implementation  in  the  crystal  fiber  form.  For  that 
the  upconversion  laser  potential  of  Tm:YAG  was  explored. 

Crystal  fibers  of  a  variety  of  materials  have  been 
successfully  produced  by  a  number  of  laboratories  around  the  world, 
including  our  own,  using  the  laser  heated  pedestal  growth  (LHPG) 
technique.  Typically,  the  minimum  diameter  of  a  fiber  that  can  be 
grown  by  this  technique  is  of  the  order  of  30/im.  Therefore, 
ideally  the  cladding  procedure  should  accomplish  two  objectives. 
First,  it  should  significantly  reduce  the  diameter  of  the  core  so 
that  the  resulting  fiber  would  support  only  a  few  modes,  if  not  a 
single  mode.  Second,  it  should  allow  one  to  independently  vary  the 
refractive  index  and  thickness  of  the  clad  region,  which  is 
necessary  for  optimizing  the  waveguiding  properties  of  the  finished 
fiber  given  the  fact  that  the  starting  fiber  cannot  be  made  smaller 
than  30/xm. 

Ion  implantation  was  selected  to  convert  the  outer  portion  of 
the  crystal  fiber  into  cladding  because  the  method  appeared  to  have 
all  the  desired  characteristics.  To  demonstrate  the  feasibility  of 
the  technique  LiNb03  fiber  was  selected  as  the  prototype  material 
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both  because  it  is  readily  grown  using  LHPG  and  because  the  effects 
of  ion  implantation  on  LiNb03  were  reasonably  well  understood.  In 
particular  it  was  known  that  up  to  2MeV  the  penetration  by  He* 
ions  varied  approximately  linearly  with  energy.  Additionally,  the 
index  reduction  near  the  end  of  the  range  could  be  controlled  by 
varying  the  total  dosage. 

To  investigate  implantation  cladding,  a-axis  LiNb03  fibers 
were  grown  on  the  LHPG  facility  in  our  own  laboratory.  To  render 
the  fibers  optically  homogeneous,  a  procedure  was  developed  to  pole 
the  bi-domained  as-grown  fibers  prior  to  implantation.  They  were 
then  attached  to  a  heat  sink  with  the  use  of  silver  print  and  taken 
to  the  high  energy  ion  beam  facility  at  NRL  for  implantation.  The 
maximum  He*  beam  energy  that  could  be  delivered  was  typically  in 
the  6-7  MeV  range.  Generally  two  energies  were  used  in  order  to 
build  up  the  thickness  of  the  region  with  reduced  refractive  index. 
To  insure  good  radial  symmetry  the  beam  was  made  to  be  incident 
from  two  orthogonal  directions,  each  making  a  45°  angle  to  the  heat 
sink  normal.  Afterwards  the  fibers  were  detached  from  the  heat 
sink,  turned  over,  and  re-attached.  The  same  implantation 
procedure  was  then  repeated.  The  implanted  fibers  were  placed 
inside  quartz  capillaries  with  epoxy,  and  their  ends  polished  for 
optical  characterizations. 

Both  optical  contrast  microscopy  and  index  profiling  of  the 
polished  fiber  ends  revealed  that  the  ion  beam  penetrated  a 
distance  of  nearly  20/im.  Propagation  measurements  at  1.06^m  were 
made  on  a  piece  of  implanted  a-axis  LiNb03  fiber  which  measured 
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44m®  x  66m®  in  cross  section.  The  output  beam  from  the  11  mm  long 
fiber  was  virtually  undistorted,  and  the  waveguiding  loss  was 
estimated  to  be  0.3  dB  cm'1.  Most  of  this  loss  is  believed  to  be 
caused  by  the  optical  damage  suffered  by  the  LiNb03.  (See  Appendix 
I  for  further  details.)  These  results  establish  ion  implantation  as 
a  promising  technique  for  the  cladding  of  crystal  fibers. 

In  order  to  demonstrate  a  short  wavelength  crystal  fiber 
device  a  suitable  upconversion  system  must  be  identified. 
Preliminary  measurements  in  our  laboratory  indicated  that  Tm:  YAG  is 
an  efficient  upconverter  from  the  red/near  IR  to  the  blue. 
Furthermore,  studies  by  others  showed  that  the  desired  index 
modification  by  ion  implantation  is  also  possible  in  YAG.  A  two 
pronged  approach  was  taken  to  determine  the  feasibility  of  such  a 
crystal  fiber  device.  On  the  one  hand  upconversion  laser 
experiments  in  bulk  Tm: YAG  were  undertaken  to  assess  if  processes 
such  as  excited  state  absorption  could  be  a  problem.  These 
experiments  led  to  the  first  upconversion  laser  ever  in  an  oxide 
crystal.  The  laser  worked  only  at  cryogenic  temperatures  since  the 
effective  gain  length  in  the  bulk  crystal  was  only  about  1  mm. 
However,  spontaneous  emission  measurements  indicated  that  a  room 
temperature  laser  should  be  possible  in  a  fiber  several  centimeters 
in  length  if  waveguiding  loss  can  be  made  sufficiently  low.  (See 
Appendix  II)  . 

In  the  meantime  implantation  cladding  studies  in  YAG  were  also 
conducted.  Unfortunately,  contrary  to  expectation,  no  apparent 
index  modification  was  observed.  This  was  tentatively  attributed  to 
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the  fact  that  our  implantation  was  done  at  room  temperature  and  not 
77K  as  by  other  workers.  The  lower  temperature  was  not  used  out  of 
the  fear  that  the  fragile  fiber  bonded  to  the  heat  sink  would  not 
survive  the  temperature  cycling.  The  high  cost  of  accessing  the 
ion  beam  facility  at  NRL  precluded  further  attempts  to  find  out 
whether  our  fears  were  well  founded,  and  if  so  whether  alternate 
methods  of  heat  sinking  the  fibers  could  be  developed. 

In  conclusion,  the  results  obtained  under  this  program 
indicate  that  implantation  cladding  is  a  viable  approach  to  the 
production  of  low  loss  crystal  fibers.  We  also  demonstrated  for 
the  first  time  an  upconversion  laser  in  an  oxide  crystal.  This  is 
important  since  fluorides  are  easily  destroyed  by  the  implantation 
process.  Future  work  in  this  area  should  focus  on  the  development 
of  a  cryogenic  fiber  implantation  technology  and  on  the 
investigation  of  other  potential  oxide  upconversion  hosts. 
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Cladding  of  a  crystal  fiber  by  high-energy  ion  implantation 
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The  feasibility  of  using  n  multi-MiV  1  h-'-iim  beam  to  convert  the  outer  pin  lion  of  a  crystal  f iher  into  cln<lding  is 
demonstrated.  When  applied  to  u  axis  l,iNb()3  fiber,  (be  resulting  structure  has  been  found  to  show  good 
waveguiding  characteristics. 


Because  of  their  ability  to  confine  light  waves 
to  small  transverse  dimensions  over  tong  dis¬ 
tances,  optical  fibers  have  proved  themselves  to  he 
highly  useful  for  the  implementation  of  laser  and 
nonlinear-optical  devices  as  well  as  amplifiers. 
Thus  far  nearly  all  such  devices  have  been  based  on 
glass  fibers.  The  development  of  crystal  fiber  fabri¬ 
cation  techniques  to  expand  the  family  of  materials 
available  for  such  applications  is  clearly  of  interest. 
Organic  crystal  fibers  have  indeed  been  prepared  by 
growth  in  capillary  tubes,  while  high-quality  inor¬ 
ganic  crystal  fibers  have  been  grown  by  the  laser- 
heated  pedestal-growth  (Llll’G)  technique.' 
Optoelectronic  devices  in  both  types  of  crystal  fiber 
have  been  demonstrated,  hut  so  far  only  in  rudimen¬ 
tary  forms.2,3 

The  LHPG  technique  is  capable  of  producing  a 
large  variety  of  crystal  fibers.  In  practice,  however, 
one  can  only  grow  fibers  as  small  as  approximately 
30  pm  in  cross  section  with  this  technique.  This 
severely  inhibits  the  full  exploitation  of  these  fibers 
for  the  intended  applications.  For  doped  crystal 
fibers  outdiffusion  has  been  shown  to  be  a  feasible 
technique  for  converting  the  outer  portion  of  the 
fiber  into  a  cladding/  The  application  of  this  tech¬ 
nique,  however,  appears  to  be  rather  limited.  For 
undoped  crystal  fibers,  indiffusion  has  been  tried  as 
a  means  to  produce  a  smaller  core,  hut  the  result  was 
not  completely  satisfactory/  In  this  Loiter  we  re¬ 
port  the  results  of  an  investigation  in  which  ion  im¬ 
plantation  was  used  to  produce  a  cladding  in  a 
crystal  fiber. 

For  this  feasibility  study  LiNbOn  was  selected, 
since  the  optical  effects  of  ion  implantation  on  this 
material  are  reasonably  well  understood/  The 
LHPG  system  used  to  grow  the  LiNbO:i  fibers  has 
been  described  elsewhere/  Since  we  were  inter¬ 
ested  in  using  the  fibers  ultimately  in  frequency- 
doubling  experiments,  they  were  grown  along  the 
a  axi8  of  the  crystal.  Optical-quality,  single-crystal 
LiNbOj  was  used  as  the  starting  material.  The  ini¬ 
tial  feed  had  a  circular  cross  section  and  measured 
just  under  1  mm  in  diameter.  Fibers  with  cross 
sections  of  the  order  of  50  pm  were  obtained  after 
two  diameter-reduction  steps  on  the  LHPG  system. 

Earlier  studies  of  a-axis  LiMb03  fibers  grown  by 
the  LHPG  technique  have  shown  them  to  be  bi- 
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domuined  with  the  domain  wall  parallel  to  the 
c  face/  The  fibers  therefore  had  to  be  poled  with 
the  following  procedure.  Two  a-axis  LiNbO.i  fibers 
were  placed  between  polished  LiNbOj  plates  with 
their  domain  walls  parallel  to  the  surfaces  of  the 
plates.  The  plates  together  with  the  fibers  were 
then  placed  in  a  tube  furnace.  The  temperature  of 
the  furnace  was  raised  to  1020-1100°C  at  a  rate  of 
2°C/min.  As  the  maximum  temperature  was 
reached,  a  dc  voltage  of  15  V  was  applied  across  the 
plates.  It  was  left  on  as  the  entire  assembly  was 
cooled  down  to  room  temperature  at  a  rate  of 
rC/min.  The  use  of  LiNb03  plates  as  electrodes 
prevented  any  material  loss  of  the  fibers  at  the  high 
temperatures.  The  poled  fibers  were  polished 
lengthwise  in  the  y  face  for  domain  structure 
observations.  It  was  found  that  complete  poling 
was  achieved  when  the  maximum  temperature 
exceeded  1020°C. 

The  poled  LiNbOs  fiber  was  attached  with  silver 
paint  to  a  stainless-steel  heat  sink  in  preparation  for 
ion  implantation.  The  fiber  was  positioned  with  its 
c  face  parallel  to  the  heat-sink  surface.  When  the 
proper  thickness  of  paint  was  used,  it  was  possible 
to  attach  the  fiber  without  having  the  paint  creep  up 
its  sides.  The  fiber  was  then  implanted  by  a  He* 
beam  from  two  directions,  each  45°  from  the  normal 
to  the  heat-sink  surface.  The  ion-beam  had  a  3-mm 
diameter  and  was  scanned  along  the  2-cm  length  of 
the  fiber.  At  each  angle,  two  ion  beam  energies 
were  used,  0  and  5.5  MeV,  in  that  order.  The  im¬ 
plantation  dosage  at  each  energy  was  5  x  1015 
ions  cm"2.  The  reason  for  using  two  ion  energies 
was  that  earlier  research  had  shown  that  at  a  given 
He*  energy  the  region  of  reduced  refractive  index 
was  peaked  with  a  width  of  approximately  1  junn  at 
the  stopping  range  of  the  ions,  which  varied  approxi¬ 
mately  linearly  with  the  ion  energy/  Thus  two  ion 
energies  were  used  with  the  intention  of  broadening 
the  width  of  that  region  to  minimize  leakage  of  the 
resulting  waveguide  inodes.  After  implantation 
from  the  two  directions,  the  fiber  was  removed  from 
the  heat  sink  with  a  solvent,  turned  180°  around,  and 
reattached.  Then  the  same  procedure  was  applied 
to  the  other  side. 

The  implanted  fiber  was  placed  in  a  glass  capillary 
tube  with  epoxy.  A  few  millimeters  of  each  end  was 
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Fig.  1.  Transmission  micrograph  of  He'-ion-implanted 
a-uxis  LiNbOj  fiber.  The  cross  section  of  the  l  iber  is  ie- 
fined  by  the  outer  boundary  of  the  optically  damaged 
(dark)  region.  The  line  in  the  lower  right  is  the  inner  wall 
of  the  capillary  tube  in  which  the  fiber  is  epoxied. 


Fig.  2.  Fresnel  reflection  signal  in  arbitrary  units  for 
half  the  fiber  along  the  v  axis  in  mid-plane.  Zero  on  the 
horizontal  axis  corresponds  to  the  center  of  the  fiber,  and 
the  sharp  fallolT  at  33  pm  corresponds  In  the  edge  of  the 
fiber.  The  core-cladding  boundary  occurs  between  15 
and  20  pm.  The  resolution  is  approximately  2  pm. 

sawed  off,  and  the  ends  were  then  polished  tu  give  a 
net  fiber  length  of  11  mm.  A  micrograph  of  the 
fiber  cross  section  taken  in  transmission  is  shown  in 
Fig.  1.  The  outer  perimeter  of  the  dark  portion  de¬ 
fines  the  cross-sectional  appearance  of  the  o-axis 
LiNbO^  fiber.  It  has  the  same  shape  as  (hat  ob¬ 
served  by  Luh  et  al.,  a  distorted  oval  with  two 
growth  ridges  at  opposite  ends  of  one  of  the  diago¬ 
nals.8  One  of  the  ridges  is  visible  in  the  lower  left- 
hand  corner  of  the  fiber  shown  in  Fig.  I,  while  the 
other  one  in  the  upper  right-hand  corner  was  ap¬ 
parently  chipped  off  during  polishing.  Thu  liber 
measured  44  pm  in  the  short  dimension  (the  r  axis) 
and  >36  pm  in  the  long  dimension  (the  y  axis)  Im¬ 
plantation  is  seen  to  have  produced  optical  damage 
to  a  depth  of  as  much  as  20  pm  at  some  points,  leav¬ 
ing  a  sharply  defined  impenetrated  core  region. 

The  re  tractive- index  profile  of  the  implanted  filter 
was  probed  hy  measuring  t  he  Fresnel  reflection  of  a 
focused  632.8-nm  He  Ne  laser  beam  The  laser 
beam  was  linearly  polarized  with  its  field  parallel  to 
they  axis  of  the  fiber  and  had  a  diameter  of  2  pm  in 
the  beam  waist.  Figure  2  shows  the  Fresnel  reflec- 
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turn  signal  when  the  beam  was  scanned  from  the 
center  of  the  l  iber  out  to  the  edge  along  its  long  di¬ 
mension.  It  is  seen  that  near  the  surface  of  the 
fiber  the  refractive  index  is  essentially  the  same  as 
that  of  the  unaltered  core,  which  was  also  found  to  he 
the  case  al  lower  lie"  energies."  This  is  followed  by 
a  region  of  lower  refractive  index,  again  in  agree¬ 
ment  with  earlier  findings.  Then  the  index  rises  to 
a  value  greater  than  that  of  the  core  just  before  the 
ions  reach  the  end  of  their  range.  This  increase  was 
not  explicitly  indicated  in  earlier  research,  although 
one  would  draw  that  conclusion  from  an  extrapo¬ 
lation  of  the  reported  results.  A  comparison  of 
Figs.  1  and  2  shows  that  the  boundary  of  the  opti¬ 
cally  damaged  region  corresponds  to  the  peak  in  the 
Fresnel  reflection  signal.  Using  the  relationship 
\R/ll  =  4/i(An/n)/(/i*  —  1),  where  R  is  the  reflec¬ 
tivity  and  n  is  the  index  of  refraction,  one  calculates 
A/t „  =  0.05  for  the  index  difference  between  the  peak 
and  the  core  region  and  A«t>  =  -009  for  that  be¬ 
tween  the  valley  anil  the  core  region  at  002.8  nm. 

The  waveguiding  characteristics  of  the  fiber  were 
investigated  with  a  cw  Nd:YAG  laser,  which  was  also 
linearly  polarized  along  the  y  axis  of  the  crystal. 
The  best  output  from  the  fiber  in  terms  of  power  and 
spatial  uniformity  was  obtained  when  an  elliptically 
shaped  beam  measuring  18  pm  x  27  pm  in  the 
beam  waist  was  used  as  the  input.  The  intensity 
profiles  along  the  major  and  minor  axes  of  the  beam 
in  the  far  field  measured  12  cm  from  the  output  end 
of  the  fiber  with  a  diode  array  are  shown  in  Fig.  0. 
F.xcept  for  the  Lwo  side  lobes  in  the  direction  parallel 
to  the  long  dimension  of  the  fiber,  the  beam  was  es¬ 
sentially  the  lowesl-order  elliptical  Gaussian.  The 
throughput  of  the  fiber  under  these  conditions  was 
70%  after  correction  for  the  Fresnel  losses  at  the  two 
ends.  To  estimate  the  loss  associated  with  the 
waveguide  itself,  the  fiber  was  shortened  to  8  mm, 
and  the  transmission  measurement  was  repeated. 
The  throughput  was  found  to  improve  by  approxi¬ 
mately  2%,  which  implied  a  coupling  efficiency  of 
77%’  and  a  waveguide  loss  of  0.3  dB  cm"1. 

Second-harmonic  generation  in  the  implantation- 
clad  fiber  was  attempted  with  a  pulsed  Nd:glass 
laser  that  was  tunable  from  1060  to  1083  nm. 


Fig  .1  Spatial  profile  of  the  1.06-pm  beam  after  propa¬ 
gation  through  the  implanted  fiber,  measured  12  cm  from 
the  output  end,  (a)  parallel  and  (h|  perpendicular  In  the 
long  dimension  (the  y  axis)  of  the  fiber.  The  FWIIM  is  (at 
2.3  mm  and  (Id  3.1  mm. 
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When  the  laser  beam  was  focused  to  a  circular  spot 
with  a  diameter  of  approximately  10  pin  on  the 
fiber,  the  second-harmonic  component  of  the  output 
from  the  fiber  was  readily  detected.  It  peaked  at 
1086  nm  and  amounted  to  a  few  microwatts  for  an 
input  peak  power  of  the  order  of  l  W.  Since  the  l- 
Mtn  output  from  the  fiber  was  highly  multimode 
with  this  coupling,  we  believe  that  second-harmonic 
generation  took  place  in  a  short  distance  near  the 
input  end  without  the  benefit  of  waveguiding.  As 
the  phase-matching  wavelength  of  the  starLing  ma¬ 
terial  was  1072  nm,  the  unusually  long  phase¬ 
matching  wavelength  observed  was  probably  caused 
by  the  loss  of  Li  in  the  fiber  growth  process."  When 
optimal  coupling  with  a  18  x  27  p.m  elliptical 
beam  was  used,  no  green  output  was  observed 
anywhere  within  the  tuning  range  of  the  laser. 
Apparently  phase  matching  has  been  shifted  for 
the  waveguide  modes  to  wavelengths  longer 
than  1088  nm. 

In  conclusion,  we  have  demonstrated  that  ion  im¬ 
plantation  is  a  feasible  way  to  convert  the  outer  por¬ 
tion  of  a  crystal  fiber  into  a  cladding.  In  the  case  of 
a-axis  LiNbOi  fiber,  in  spite  of  the  odd  shape  of  the 
cross  section,  reasonably  low-loss  guided-wave 
propagation  has  been  obtained  in  such  a  structure. 
Since  most  of  the  ionic  crystals  studied  thus  far  show 
a  decrease  in  the  refractive  index  as  a  result  of 
amorphization  caused  by  ion  implantation,6  this  may 
prove  to  be  a  general  technique  for  the  cladding  of 


crystal  fibers  Furthermore,  it  should  be  possible  to 
produce  cores  of  the  order  of  a  few  micrometers  by 
starting  with  smaller  fibers  or  implanting  with 
higher-energy  ion  beams. 

We  thank  li.  I’.  Scott  for  his  assistance  in  the 
rj  ..ration  of  the  tunable  Nd-glass  laser.  This  re¬ 
search  was  supported  by  the  U.8.  Air  Force  Office  of 
Scientific  Research  and  the  Defense  Advanced  Re¬ 
search  Projects  Agency. 
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Upcoiivcrsion-pumpiid  blue  laser  in  Tm:YAG 

II.  I*.  Scott,  I\  /.liao,  K.  S.  L.  < ' I > ;i lit;,  ami  N.  Djeti 

/^7'uifmiiiJ  <1/  i’/n  Mi  s.  /  it\ i  1  si/r  i'/  Sr  .ilh  I h'i  uhi.  lainf/n,  I  hunfti  {  ihJO 
Kim  «‘l  vril  1 1 1 1  v  l  r>.  I  ‘J'JL! 

We  have  demons!  rated  an  upo»iiversinn-|Himped  blue  laser  on  I  be  l(i\  *//,,  Itand  of  ’I'm  YAG  at  rryo^wnc 
lemperatures.  Measurements  were  also  made  to  ass.es:,  the  possibility  n!  room -tempi Talure  opcnuversion- 
pumped  lasers  in  I’m  YAG  on  Imlh  the  1 G’ ^  -  (//tl  ami  the  1  1  /•*  1  bands. 


'Fire  upconversion-pumped  blue  Tin1'  laser  on  (ho 
' r?4 — ''//«  band  was  first  demonstrated  in  YLiF,  by 
Hebert  rt  al.'  Subsequent!''  lasers  operating  on  the 
same  band  were  reported  in  ZBLAN  liber  and  in 
I5aYl„Ybii.l.|l,V‘!  ‘  Most  recently,  mom-temperature 
cw  operation  in  ZBLAN  liber  was  obtained  by  pump¬ 
ing  in  tbc  l.l-/rm  region.1  We  report  here  what  is 
to  our  knowledge  the  first  upconversion-pumped  blue 
Tin"  laser  on  the  'G\  —  band  in  an  oxide  crystal. 
While  low  temperature  is  requited  for  the  operation 
of  this  laser  in  bulk  YAG  crystal,  we  present  data 
that  suggest  that  room  temperature  operation  in  litis 
crystal  should  be  possible  in  guided-wave  structures. 

The  upconversion  pumping  scheme  used  to  make 
the  blue  'I’m: YAG  laser  is  shown  in  Fig.  1.  A  photon 
at  785  urn  excites  the  Tin  "  ion  to  the  '//,  level 
The  Tm  "ion  then  cross  relaxes  by  interacting  with 
a  neighboring  ground-stale  ion  to  yield  two  ions  in 
the  metastable  1  F,  level.  A  second  photon  at  (i.'iH  tun 
subsequently  pumps  the  ion  <o  the  ’G,  upper  laser 
level.  This  is  believed  to  he  the  dominant  pump¬ 
ing  mechanism  for  the  laser  reported  here,  although 
other  excitation  channels  are  also  operative,  as  is 
discussed  below. 

The  laser  was  fabricated  from  a  TtniYAG  crys¬ 
tal  with  3%  doping.  It  measured  1  min  X  1  mm  X 
3  mm  and  had  reflectors  with  1-cut  radius  of  cur 
vature  pit*  on  the  ends.  The  pump  end  reflected 
>99  9 %  at  485  tun  and  transmitted  73';;.  and  >90% 
at  638  and  785  nm,  respectively,  whereas  the  output 
end  reflected  99.5%  at  485  nm.  The  crystal  was 
mounted  in  a  cryostat  capable  of  reaching  temper¬ 
atures  as  low  as  10  K.  The  785-  and  638-nm  pumps 
were  provided  by  a  Ti:sapphire  laser  anti  a  dye  laser. 
The  output  from  each  laser  was  expanded  and  col¬ 
limated  to  a  diameter  of  7  mm  The  two  beams 
were  then  combined  and  focused  into  the  crystal 
with  a  12.5-cm  focal-length  lens.  The  output  from 
the  Ti:sapp!nre  laser  was  nearly  diffraction  limited, 
whereas  the  dye  laser  beam  was  approximately  1.5 
times  diffraction  limited. 

The  spontaneous  blue  emission  from  the  excitation 
region  observed  through  a  polished  side  of  the  crys¬ 
tal  was  spectrally  analyzed.  Al  a  starting  heat-sink 
temperature  of  10  K  and  maximum  pump  powers 
of  340  mW  at  785  nm  and  190  mW  at  638  nm,  the 
Strongest  features  were  identified  as  transitions  from 


the  lowest  Stark  component  of  the  !G,  manifold  to 
the  Z:l,  Z,,  and  /■,  components  of  the  ground  man¬ 
ifold,  using  the  designations  of  Gruber  el  als  The 
blue  emission  disappeared  almost  completely  when 
the  dye  laser  beam  was  blocked  but  remained  at 
nearly  half  the  intensity  when  the  Ti. sapphire  laser 
beam  was  blocked.  The  strong  excitation  that  was 
achieved  with  dye  laser  pumping  alone  at  638  nm 
can  he  explained  by  the  absorption  avalanche  process, 
in  which  absorption  builds  up  from  a  low  initial 
level  through  accumulation  of  ions  in  the  melastable 
state.1’ 

When  I  he  pump  beams  were  correctly  aligned  with 
respect  to  the  crystal,  laser  threshold  was  reached 
with  340  mW  at  785  nm  and  100  mW  at  638  nm. 
The  laser  wavelength  was  found  to  be  486.2  nm, 
corresponding  to  tlu>  transition  terminating  in  the 
Z,  component  of  the  'UR  ground  manifold  that  lies 
241  cm  1  above  the  lowest  Stark  component.  Mea¬ 
surement  with  a  photodiode  showed  that  the  output 
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Fig.  1  Dominant  pumping  mechanism  for  the  blue  up- 
conversion  laser  in  Tm:YAG. 
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Fig.  2.  Average*  blue  laser  power  versus  dye  laser 
pump  power.  The  Ti. sapphire  laser  incident  power  was 
340  mW. 

consisted  of  a  train  of  14-ns  pulses.  While  there 
wus  considerable  jitter  in  the  pulse  repetition  rate, 
the  individual  pulses  v'*tl*  quite  constant  in  both 
shape  and  amplitude.  As  the  laser  was  taken  above 
threshold  hy  increasing  the  dye  laser  power,  the 
main  effect  was  a  shortening  of  the  interpulse  time. 
The  individual  pulses  remained  essentially  the  same. 
The  variation  of  the  average  blue  laser  power  with 
incident  dye  laser  power  is  shown  in  Fig  2.  From 
the  average  power,  the  pulse  repetition  rate,  and 
the  pulse  shape,  the  peak  power  of  the  pulses  was 
determined  to  he  1 5  W.  The  effect  of  temperature 
on  the  laser  wus  also  investigated.  At  maximum 
pump  powers,  laser  output  decreased  steadily  wdb 
increasing  temperature.  The  highest  temperature 
at  which  laser  output  was  observed  was  30  K. 

We  believe  that  the  pulsing  behavior  of  the  laser 
output  resulted  from  passive  ()  switching  caused 
by  either  self-absorption  or  excited-state  absorption. 
Because  the  pump  beams  were  tightly  focused  into 
the  crystal,  the  spot  sizes  near  the  ends  wen*  signif¬ 
icantly  larger  than  those  in  the  focal  region  Near 
the  pump  mirror  end  there  was  maximum  power 
deposition  by  the  Ti:sapphire  beam.  The  bent  sink 
temperature  was  observed  to  rise  by  2  K  when  the 
Ti:sapphire  beam  was  incident  on  the  crystal  The 
local  temperature  rise  in  the  pumped  region  near  t In- 
pump  mirror  end  might  have  been  much  huger  At 
the  same  time,  upconversion  pumping  in  this  area 
was  weak  because  of  the  large  spot  sizes.  Thus,  the 
laser  transition  could  well  have  been  un inverted  in 
that  region.  Alternatively,  there  could  have  been 
excited-state  absorption  from  the  level  to  the 
l/6  level,  because  one  of  the  components  in  thut 
transition  has  been  calculated  to  overlap  the  laser 
line  to  within  l  cm  The  passive  (^-switching  ex¬ 
planation  is  supported  hy  the  fact  that  the  measured 
spontaneous  emission  on  the  blue  hand  was  approx¬ 
imately  two  orders  of  magnitude  larger  than  the 
maximum  average  laser  power  extracted. 

To  assess  the  feasibility  of  extending  the  operation 
of  the  uneorversion  hlueTnvYAG  laser  to  higher  tem¬ 


peratures,  side  light  emission  iurasoi  i  moots  at  room 
temperature  were  made.  For  these  measurements 
the  input  lens  was  changed  to  one  having  a  local 
length  of  8.8  cm,  and  the  crystal  was  pumped  with 
only  the  dye  laser  beam,  which  was  spatially  tillered 
Furthermore,  only  emission  from  a  region  contained 
well  within  the  Rayleigh  range  of  the  beam  locus 
m  the  crystal  was  monitored.  It  was  found  that  at 
room  temperature  the  optimal  dye  laser  wavelength 
for  upconversion  pumping  shifts  from  (>38  to  <>47  »m 
The  dependence  of  the  emitted  power  for  the  -  J//„ 
band  on  dye  laser  intensity  at  li-17  mil  is  shown  m 
Fig.  3.  The  dye  laser  intensity  in  the  beam  waist 
was  calculated  from  the  incident  power  alter  wl- 
corrected  for  transmission  through  the  pump  mirror, 
assuming  that  there  were  no  beam  distortion  ef¬ 
fects  present.  The  emitted  power  shows  a  threshold 
similar  Lo  (lull  observed  in  TiivYAIOj  at  room  temper¬ 
ature,  although  its  value  is  approximately  an  order 
of  magnitude  higher  than  in  YAL().7  Furthermore, 
as  we  show  below,  in  the  case  of  Tm:YAG  more 
than  one  avalanche  absorption  process  may  have 
contributed  to  the  excitation  of  the  high-lying  levels. 
It  should  he  noted  that  even  at  the  highest  dye  laser 
power  available  the  blue  emission  was  still  increasing 
linearly. 

The  spectrum  of  the  emission  at  the  highest  exci¬ 
tation  level  is  shown  in  Fig.  4.  A  comparison  with 
the  known  energy  levels  of  Tm  YAG  leads  to  the 
identification  of  the  features  to  the  red  of  463  nm 
as  belonging  to  the  band  and  those  to  the 

blue  as  belonging  to  the  hand  The  'D. 

level  could  have  been  excited  either  through  direct 
avalanche  absorption  from  the  J//,  level  or  through 
avalanche  absorption  from  J /■',  followed  hy  upcon¬ 
version  involving  the  ('(74,  'Ft)  pair.  The  relative 
importance  of  the  two  processes  cannot  he  determined 
with  the  limited  data  that  we  have  at  hand.  We  next 
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Fig  3.  Room-temperature  side-light  emission  on  the 
!(r’4 -  band  with  dye  laser  pumping  nt  647  nm.  The 
intensity  given  corresponds  to  that  at  the  peak  of  the 
profile  The  incident  power  was  120  rnW  at  maximum 
intensity. 
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Fig.  4.  Room-temperature  side-light  emission  spectrum, 
uncorrected  for  detection  system  response.  The  detec¬ 
tion  system  was  33%  more  sensitive  at  4 fit)  nm  than  at 
500  nm,  with  an  approximately  linear  variation  in  be¬ 
tween. 

evaluate  the  room-temperature  laser  potential  of  both 
the  'G«-3//6  and  the  lD2-iFA  bands  in  Tm:YAG. 

To  assess  the  gain  that  could  be  achieved  on  the 
most  prominent  peaks  in  the  two  bands  of  inter¬ 
est,  absolute  side-light  emission  measurements  were 
made.  With  the  assumption  that  excitation  was  uni¬ 
form  and  contained  entirely  within  the  1/e2  radius  of 
the  pump  beam,  the  absolute  emission  data  together 
with  the  emission  spectrum  provided  an  estimate  of 
the  gain  on  the  various  components.  For  peak  1  in 
Fig.  4,  which  is  made  up  of  transitions  terminating  on 
Stark  components  lying  between  21G  and  247  cm'1 
above  ground,  the  gain  corresponding  to  maximum 
pumping  in  Fig.  3  is  estimated  to  be  0.0G  cm'1,  as¬ 
suming  negligible  population  in  the  lower  level.  This 
is  a  promising  peak  if  ground  manifold  depletion  can 
be  achieved,  because  excited-state  absorption  out  of 
the  ’F.t  level  should  be  negligible  at  room  temper¬ 
ature  as  a  result  of  multiphonon  relaxation.  An¬ 
other  prospective  laser  peak  is  peak  2  in  Fig.  4, 
which  terminates  in  Stark  levels  lying  more  than 
588  cm"1  above  ground.  While  the  estimated  gain 
under  the  same  assumptions  is  reduced  to  approxi¬ 
mately  0.01  cm'1,  ground  manifold  depletion  should 
not  be  necessary  for  this  peak.  In  the  band 

the  most  promising  features  are  the  doublets  labeled 


3,  which  terminate  in  Stark  levels  lying  more  than 
550  cm  1  above  the  bottom  of  the  ‘F,  manifold.  By 
using  the  same  assumptions  again,  we  find  an  esti¬ 
mated  gain  of  just  over  0.01  cm'1  for  these  peaks. 
However,  excited-state  absorption  out  of  Jl/,  could 
be  a  problem  for  these  transitions. 

Gains  higher  than  those  estimated  above  should 
he  achievable  for  puinp  intensities  greater  than 
the  maximum  value  employed  in  our  studies.  The 
implementation  of  room-temperature  blue  upcon- 
versiou  lasers  in  Tm:YAG  would  require  the  use 
of  guided  wave  structures,  so  that  high-intensity 
pumping  can  he  achieved  over  extended  lengths. 
Waveguide  Nd:YAG  lasers  have  been  demonstrated 
in  both  liber  and  channel  forms8’'  Therefore,  in 
principle,  Tm:YAG  guided-wave  structures  can  also 
be  produced.  Finally,  more  favorable  upconversion 
dynamics  and  spectral  distributions  may  be  found  for 
l he  same  systems  in  other  host  crystals,  and  their 
investigations  would  be  worthwhile 
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